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Abstract

Background: Basic helix-loop-helix (bHLH) transcription factors play important roles in differentiation processes during
embryonic development of vertebrates. In the pancreas, the atonal-related bHLH gene Neurogenin3 (Neurog3) controls
endocrine cell fate specification in uncommitted progenitor cells. Therefore, it is likely that Neurog3-regulated factors will
have important functions during pancreatic endocrine cell differentiation. The gene for the atonal-related bHLH factor
Math6 was recognized as a potential target of Neurog3 in a genomic scale profiling during endocrine differentiation. Herein
we have explored the role of Math6 during endocrine pancreas development.

Results: We demonstrate that the Math6 gene is a direct target of Neurog3 in vitro and that, during mouse development,
Math6 is expressed in both endocrine and exocrine pancreatic precursor cells. We have investigated the role of Math6 in
endocrine differentiation by over-expressing this factor in pancreatic duct cells. Mathé possesses intrinsic transcriptional
repressor activity and, in contrast to Neurog3 it does not induce the endocrine differentiation program; however, it can
modulate some of the pro-endocrine functions of Neurog3 in this system. In addition, we show that Math6 is broadly
expressed in mouse embryonic tissues and its expression is induced by tissue-specific bHLH genes other than Neurog3.
Furthermore, inactivation of the Math6 gene in the mouse results in early embryonic lethality demonstrating an essential
role of this factor in organismal development.

Conclusions: These data demonstrate that Math6 is a novel component of the pancreatic transcriptional network during
embryonic development and suggest a potential role for Math6 as a modulator of the differentiation program initiated by
the pro-endocrine factor Neurog3. Furthermore, our results demonstrate that Math6 is indispensable for early embryonic
development and indicate a more widespread function for this factor in tissue-specific differentiation processes that are
dependent on class Il bHLH genes.
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Introduction

During embryonic development, progenitor cells differentiate
into the specialized cell types, which constitute the multicellular
organism. Developmental transitions require rapid changes in
gene expression as the progenitors progress through intermediate
precursor states to differentiated cell types. In spite of the existence
of lineage-specific differentiation programs, a few conserved types
of molecular processes are often involved in the cellular
mechanisms that control these transitions. One strategy that has
evolved for this role is the activation of cascades of tissue-specific
basic-helix-loop-helix (bHLH) transcription factors, which govern
cell fate determination and differentiation in many tissues. A
common theme in these programs is the transient expression of
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specific bHLH factors such as the neurogenins in brain and
pancreas or myfb in skeletal muscle that promote differentiation
but whose expression is then repressed during differentiation to
mature cells [1][2][3][4][5][6]- Elucidating the cellular and
molecular mechanisms that regulate initiation and termination
of the expression of these differentiation factors will be important
for understanding the developmental programs in these tissues.
The pancreas arises from dorsal and ventral aspects that bud
from the pre-patterned gut endoderm at embryonic day (E)9 in the
mouse. The epithelial cells within these buds expand and
differentiate to generate the three major pancreatic lineages:
endocrine islets of Langerhans, exocrine acini and pancreatic
ducts. The endocrine cells that comprise the islets produce insulin
(B), glucagon (o), somatostatin (8), pancreatic polypeptide (PP) and
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ghrelin (¢). These endocrine cells are derived from progenitor cells
that transiently express the basic helix-loop-helix factor Neuro-
genin3 (Neurog3). Loss-of-function experiments have demonstrat-
ed that Neurog3 is required for development of all endocrine cell
lineages of the pancreas [7]. Conversely, gain-of-function
approaches have shown that Neurog3 has the ability to drive the
endocrine program [3][8][9][10][11] [12].

Neurog3 initiates the endocrine differentiation program but it is
extinguished before final differentiation of the cells [2][3]. The
mechanism involved in disappearance of Neurog3 expression
remains unclear. However, both Hes-1 [13][14] and Neurog3
itself [15] are capable of repressing Neurog3 expression in
endocrine progenitors and it has been proposed that induction
by Neurog3 of a putative downstream repressor may participate in
this negative autoregulatory loop [15].

A number of transcription factors participate in the process of
differentiation and specification of islet cell subtypes downstream
of Neurog3 including: the bHLH factor NeuroD1[16], the paired-
box homeodomain factor Pax4 [17], the NK-homeodomain
factors Nkx2-2 [18] and Nkx6-1[19], the homeodomain factor
Arx [20] and the zinc finger-domain containing factor IA-1 [21].
Neurog3 is able to directly regulate the genes for NeuroD1, Pax4,
Nkx2-2, and IA-1[22][23][24][25] and these genes are likely to
represent a minority of Neurog3 targets.

Despite major advances towards the identification of the
molecular components of the islet cell lineage cascade
[26][27][28], the full complement of factors necessary for
endocrine development hasn’t been defined. As a means of
garnering further insight into potential factors involved in the
developmental program, we have previously used adenovirally-
transduced mouse pancreatic duct cells as a model for normal
development. Following cDNA microarray expression profiling we
identified a number of genes that are important during endocrine
differentiation and function downstream of Neurog3 i viwo [9].
One of the genes mined using this approach was mouse atonal
homolog 6 (Math6). As its name implies, Math6 is a member of
the atonal superfamily of bHLH transcription factors that exhibits
43-57% identity in the bHLH domain with other mammalian
atonal paralogs including the NeuroD and Neurogenin factors
[29][30]. Both Human (Hath6) and Drosophila (net) orthologs of
this factor have complete sequence conservation within their
bHLH domains and the Drosophila protein has been demonstrat-
ed to have important developmental roles [31][32]. In the mouse,
Math6 has been implicated in both neural and kidney develop-
ment [29][33]; however, its role in these programs remain unclear.

Here we have explored the role of Math6 in the pancreatic
developmental program. We demonstrate that Math6 is expressed
in the developing pancreas at the time when major differentiation
of the endocrine and exocrine cell lineages occurs. Our data
suggest that Math6 contributes to endocrine differentiation by
modulating specific aspects of Neurog3 function. Additionally, we
show that Math6 is crucial for early embryogenesis and propose
that this factor participates in differentiation processes in other
organs through specific interactions with tissue-specific bHLH
proteins. Altogether, these data suggest roles for Math6 in both
tissue-specific bHLH-dependent differentiation programs and in
early embryonic development.

Results

Math6 expression in the developing gut and pancreas
Prior studies in mice demonstrated Math6 expression in the

developing brain, heart, kidney, lung and liver [29] [33], but did not

test other organs. At embryonic days E15.5 and E17.5, we detected
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Math6 in Pancreas Development

Math6 mRNA in the pancreas, stomach, intestine and spleen as well
(Figure 1A). Notably, Math6 mRINA was expressed broadly in tissues
derived from all three germ layers, unlike other related tissue-specific
bHLH factors such as Neurog3 and NeuroD]1 (Figure 1A).

Next, we determined the temporal expression profile of Math6
within the developing pancreas by RT-PCR (Figure 1B). We
detected Math6 mRINA in pancreatic tissue from E12.5 until E17.5
(Figure 1B). Math6 expression was still detectable at postnatal day
1 albeit at lower levels than in embryonic tissue, and a low level of
mRNA expression remained in isolated pancreatic islets from
adult mice (Figure 1B&C). The transient pancreatic expression
profile of Math6 mirrors that of Neurog3 and differs from that of
NeuroD1, which persists at very high levels in adult endocrine cells
(Figure 1B).

Real time PCR was carried out to obtain quantitative estimates
of the changes in expression levels of Math6 and Neurog3 during
pancreatic development. As previously described, Neurog5 mRNA
expression increased 5-fold between E12.5 and E14.5 and then
dropped to initial levels at E17.5. Math6 mRNA levels changed 2-
fold, reaching a peak at E15.5, one day later than that of Neurog3
mRNA (Figure 1C). These results demonstrate that Math6
expression coincides with Neurog3 expression during embryonic
pancreas development.

Lineage-specific expression of Math6 in the pancreas

Next, we identified specific cell populations within the
developing pancreas that express Math6. In the absence of
suitable antibodies for immunohistochemical analyses, we used
gene-targeting techniques to construct a mutant allele in which
exons | and 2 of the Math6 gene were replaced with an enhanced
Green Fluorescent Protein-Cre recombinase fusion protein (eGFP-
Cre) (Figure S1). Mice heterozygous for the Math6 mutation
(Math6* /E(”H)’("”) survived to adulthood and were indistinguishable
from their wild type littermates.

We analyzed GFP immunofluorescence in Math
embryos as a surrogate marker of Math6 expression. GFP
expression was not detected in the pancreatic buds at embryonic
day E10.5 (data not shown). At E12.5, just prior to the peak of
Neurog3 expression and endocrine cell differentiation, GFP+ cells
were found in the developing pancreas. However, at this stage,
GFP immunoreactivity appeared to be specifically excluded from
the developing pancreatic epithelium, which is marked by Pdx-1
expression; although, staining was present in the early glucagon-
positive cells and in the mesenchymal cells surrounding the
nascent epithelium (Figure 2A-C).

By E15.5, GFP expression appeared in the pancreas in a subset of
endocrine and exocrine progenitors (Figure 2E-L). The number of
Neurog3+ progenitor cells peaks between E14.5 and E15.5, and we
estimate that 50% of these Neurog3-immunoreactive cells expressed
GFP at this time (Figure 2G,H&L). Math6 expression continued to
be largely excluded from the Pdx-1 expression domain at EE15.5 with
the exception of some low-expressing Pdx-1 immunoreactive cells
(Figure 2E&F). Notably, at E15.5, Neurog3+ cells are also specifically
excluded from the Pdx-1 expression domain [3]. At this time point,
robust Pdx-1 expression was restricted to fully differentiated - and
S-cells and co-expression of GFP and insulin was not observed
(Figure 2E&F). However, GFP immunoreactivity was observed in a
subset of glucagon-positive cells (Figure 2J).

As observed with Matht mRINA expression (Figure 1), pancre-
atic GFP expression in Math6*"”“™"* mice declined after E15.5
and reached undetectable levels in the adult organ. At E18.5, the
remaining GFP-positive cells did not express insulin or somato-
statin but did co-express glucagon and Mucin-1, a marker of
ductal cells (Figure 2M-P and data not shown).

6+/ EGFP-Cre
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Figure 1. Math6 mRNA is ubiquituosly expressed in mouse embryonic tissues. mRNAs encoding the atonal bHLH factors Math6, Neurog3
and NeuroD1 were assayed by RT-PCR of (A) mouse embryonic tissues at E15.5 and E17.5 and of (B) pancreatic tissue harvested at the indicated days
of embryonic development, at postnatal day 1 (P1) and in adult pancreatic islets. Beta-actin (b-actin) and/or TATA-binding protein (TBP) were used as
internal controls in RT-PCR assays (C) Relative levels of Math6 and Neurog3 mRNAs in pancreatic rudiments harvested at the indicated days of
embryonic development were assessed by real time RT-PCR and expressed relative to GUS gene expression. Error bars represent standard error of the

mean (SEM).
doi:10.1371/journal.pone.0002430.g001

Mathé is a direct gene target of Neurog3 in vitro

We had previously shown that Neurog3 activated Math6
expression in mPAC pancreatic duct cells [34], and we confirmed
our previous microarray results using conventional RT-PCR and
real time PCR (Figure 3A). Math6 mRNA was expressed at low
levels in untreated mPAC cells and was induced 12 h after
infection with AACMV-NEUROG3, concomitantly with appear-
ance of Pax4 mRNA and prior to induction of NeuroDI mRNA,
two known direct targets of Neurog3 (Figure 3B). Interestingly,
Matht mRNA expression declined 48 h post-infection, whereas
levels of other Neurog3-induced mRNAs were maintained (Pax4,
NeuroDI) or remained elevated (somatostatin) through 72 h. The
observed decline in Math6 mRNA expression did not result from
any decrease in NEUROG3 transgene expression (Figure 3B).
Importantly, the ability of Neurog3 to regulate AMath6 gene
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expression is conserved across species, as indicated by induction of
Hath6 mRNA in response to ectopic Neurog3 in the human
pancreatic ductal cell lines PANC-1 and HPDE E6E7 (Figure S2).

The early induction of Math6 mRNA by Neurog3 suggests that
the Math6 gene may be a direct gene target of Neurog3. To
determine if Neurog3 was able to directly activate Math6 gene
expression, we cloned a 1.8 Kb genomic fragment upstream of the
mouse Math6 translational start site and used it to drive expression
of luciferase in pancreatic duct cells. Figure 3C demonstrates that,
24 hours after adenovirus-assisted transfection, Math6 promoter
activity was approximately 2.0-fold higher in cells that had been
transduced with Neurog3; indicating that Math6 transcription is
regulated by Neurog3. Binding of Neurog3 to the Math6 promoter
was further confirmed by chromatin immunoprecipitation

(Figure 3D).
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Figure 2. GFP expression in the mouse pancreas of math

6 +/EGFP-Cre
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mice. Staining for GFP (Math6) in green is shown alone (D) or with Pdx-

1(red; A,E,F), Neurog3 (red; G,H,L), glucagon (red; B,C,J,N), insulin (red; I,M), somatostatin (red; O) and mucin (red; K,P) at E12.5 (A-C), E14.5 (D)
E15.5(E-L) and E 17.5(M-P). In B, pancreatic epithelium (absent of GFP staining) is outlined in white. Note that the epithelium coincides with the Pdx-
1 expression domain as shown in panel A. In C, J and N, arrowheads indicate examples of cells coexpressing Math6 and glucagon. In E, arrowheads
indicate cells coexpressing Math6 and Pdx-1. In G,H and L (H-Inset), arrowheads indicate cells coexpressing Math6 and Neurog3. In K and P,
arrowheads indicate an example of cells coexpressing Math6é and mucin. Red and green channels are shown separately (scale bars =50 um).

doi:10.1371/journal.pone.0002430.g002

Overexpressed Math6 represses Neurog3-induced gene
activation events

To investigate the function of Math6 in endocrine differenti-
ation, we used an adenovirus encoding Math6 to express this
factor in mPAC pancreatic duct cells. This treatment resulted in
nuclear Math6 expression in these cells (Figure 4A-B). Math6 did
not activate expression of the pancreatic transcription factors
Neurog3, NeuroD1, Pax4, Nkx2.2, Nkx6-1, Isl-1, Pdx1, Hes6 and
Hesl; nor did it induce the expression of the differentiated islet cell
markers insulin, glucagon, somatostatin, PP, IAPP and glucokinase
(Figure 4C and data not shown). Altogether, these results
demonstrate that, unlike Neurog3 and Neurodl transcription
factors [9,34], Math6 alone cannot induce differentiation or
endocrine gene expression in this duct cell model.

Since Math6 expression appears after Neurog3 i vivo and it is
an early target of Neurog3 in vitro, we proposed that it might
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modulate Neurog3 function. We tested this hypothesis by
comparing downstream target activation in cells transduced with
AdCMV-NEUROGS3 alone or in combination with increasing
doses of AdCMV-Bgal or AACMV-Math6 (Figure 5). We found
that Math6 overexpression had no effect on Neurog3-induced
activation of some genes (Pax4, IAPP, Nkx2-2) while it partially or
totally inhibited the activation of others (Somatostatin, NeuroD1).
Remarkably, Math6 significantly blocked Neurog3-induced acti-
vation of its own gene (Figure 5).

Our observations on the repressive function of Math6 on some
Neurog3-targeting events is consistent with the activity of its
Drosophila orthologue net which prevents wing vein formation by
suppressing the function of vein-promoting genes [31]. To establish
whether Math6 activates or represses transcription and if Math6
possesses an intrinsic repressive domain, we cotransfected an
expression vector encoding full-length Math6 fused to a heterologous
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Figure 3. Mathé is a direct target of Neurog3. (A) Math6 mRNA levels were increased in mPAC cells 48 h post-transduction with a recombinant
adenovirus expressing Neurog3 (AdCMV.NEUROG3). Math6 mRNA expression was assessed by conventional RT-PCR (gel photograph of a
representative RT-PCR experiment is shown) and quantitated by real time PCR using GUS as internal standard. Values are expressed as fold-increase
over basal (AdCMV.Bgal-treated cells) and represent mean=SEM of 4 independent experiments. (B) Time course of induction of the indicated mRNAs
in mMPAC cells treated with AACMV.NEUROG3 from time 0 to 2 h. This experiment is representative of 2 experiments with essentially identical results
(C) AdCMV-NEUROGS3 increased the transcriptional activity of a cotransfected reporter construct containing a 1.8 Kb Math6 genomic fragment
upstream of the luciferase gene. Luciferase activities are expressed relative to the activity of the reporter vector in Bgal-treated cells. Note that no
increase in luciferase activity was observed with the backbone reporter vector. Bars represent mean+SEM for 3 experiments in triplicate. *p<<0.05 vs.
Bgal-treated cells (Student’s t-test) (D) Cross-linked chromatin from mPAC cells treated with AdCMV.Bgal or AdCMV-NEUROG3 was
immunoprecipitated with normal rabbit serum or an antiserum against human Neurog3. Immunoprecipitated DNA was analyzed by PCR with
specific primers to the Mathé, pax4 and beta actin promoter regions. INPUTs correspond to 5% of total chromatin used per immunoprecipitation.

doi:10.1371/journal.pone.0002430.g003

DNA-binding domain (GAL4-DBD) with a high basal activity
reporter plasmid containing 5 copies of the GAL4 DNA binding site
upstream of prolactin promoter-luciferase [35]. As shown in Figure 6,
Math6 produces a nearly 5-fold transcriptional repression of this
reporter construct in mPAC cells, implying that the Math6 protein
can directly repress transcription.

To determine if the observed functional link between Math6 and
Neurog3 resulted from a physical interaction between these two
proteins, we carried out co-immunoprecipitation analyses. Using this
approach, we were able to recover Math6 when Neurog3 was
immunoprecipitated from the lysates of mPAC cells expressing both
factors, thus demonstrating a physical association between Math6
and Neurog3 (Figure 7A). Next, we assessed whether Math6 was
recovered with either the related bHLH factor NeuroD1 or the
unrelated pancreatic homeodomain transcription factor Nkx2-2 and
detected Math6 in NeuroD1 but not in Nkx2-2 immunoprecipitates
(Figure 7A-B), implying that Math6 specifically associates with
bHLH factors in this cellular context. While this interaction is not

@ PLoS ONE | www.plosone.org

surprising since it is well established that bHLH proteins function as
homo or heterodimers to regulate transcription, is should be noted
that the association between Neurog3/NeuroD1 and Math6 could
not be reproduced using i vitro translated proteins (data not shown).
Thus it is plausible that the interaction between these factors must
occur within the cell and/or involves accessory proteins and/or post-
translational modifications.

Math6 is necessary for initial stages of mouse embryonic
development

We have demonstrated that Math6 is expressed in the
developing pancreas and that it can modulate Neurog3 target
gene expression i vitro. To determine its pancreatic role i vivo, we
attempted to generate Math6 null mice by intercrossing
Math6'FTC heterozygotes. We failed to obtain Math6 null
animals among the progeny of such intercrossings, indicating that
the Math6 mutant allele is likely embryonic lethal (82 pups; 55
Math6" 597 Math6™™). In an attempt to determine when
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Figure 7. Math6 is immunoprecipitated with proendocrine bHLH factors. mPAC cells were treated with Ad-CMV-Math6 with or without
expression vectors encoding Neurog3, NeuroD1 or Nkx2-2. 48 h after adeno-assisted transfection, cells were lysed and analyzed directly (lysates) or
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Math6, and with o-FLAG or a-Nkx2-2. Crude lysates equal 10% of the protein used in coimmunoprecipitations. Migration of MW markers (in KDa) are

shown on the left.
doi:10.1371/journal.pone.0002430.g007

homozygous embryos were dying, embryos were isolated following
timed matings as early as €8.5. From these crosses, approximately 1/
4 implantations had grossly normal placental development but the
embryo appeared to be developmentally arrested at or slightly after
gastrulation. To assess whether germline presence of Math6 was
important prior to gastrulation, blastocysts were isolated at €3.5 and
genotyped. From these crosses knockout embryos were obtained
(Figure S1-G) and GFP fluorescence was not observed. Unfortu-
nately, early lethality of Math6 null mice prevents the analysis of the
function of this factor in pancreatic organogenesis; however, it does
suggest that Math6 plays a role early in germ layer specification.
To verify early developmental expression of Math6, we utilized
the GFP-Cre fusion protein to trace the fate of cells expressing
Math6 in embryos derived from crosses between MathG™ ¢
and Rosa26-LoxP-Stop-LoxP-Lac{ (R26R). Mice were harvested at
E10.5, E14.5 and E18.5 and stained for B-galactosidase activity,
which results from Cre-recombinase mediated excision of the stop
cassette upstream of the ubiquitously expressed Rosa26 locus. B-
Galactosidase expression was observed in all tissues at all stages
examined (data not shown). Specifically within the pancreas all
three lineages were marked: acinar, ductal and islet cells (Figure
S3). These observations are in agreement with an early broad
expression and role for Math6 in mouse embryonic development.

Math6 mRNA is specifically activated by bHLH factors

In order to gain further insight into the function of Math6
during development, we used the pancreas as a model to
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determine if specific gene families could activate its expression.
In the mPAC duct cells system, adenovirally expressed NeuroD1,
NeuroD2 and Ptfla (p48) induced Math6, however Pax4, Nkx2-2
and Nkx6-1 did not (Figure 8A). Strikingly, like Neurog3, all the
factors tested to date that activate Math6 belong to the bHLH
family. Next we tested if non-pancreatic bBHLH factors could also
activate the Math6 gene in the pancreatic duct cell system. Both
neural Mashl and myogenic MyoD increased Math6 mRNA
expression in mPAC cells, although with a marked variation in
their degree of activation (Figure 8A).

To establish whether the observed regulation of the Math6 gene
by tissue-specific bBHLH factors extended to other cell types, we
studied Math6 activation in pluripotent mouse P19 embryonal
carcinoma cells, which are capable of generating neurons after
transient expression of neural bHLH factors [36]. We found that
all tested bHLH factors induced Math6 mRNA in p19 cells albeit
to a lower degree (likely due to reduced transfection efficiency in
P19 cells) than in mPAC cells (Figure 8A&B), indicating that
activation of Math6 may be a common phenomenon in
differentiation processes promoted by bHLH genes.

Discussion

Transcription factors of the bHLH family are well-characterized
regulators of differentiation processes in many tissues in verte-
brates. In the embryonic pancreas, at least two afonal-related
bHLH genes regulate the endocrine islet cell determination
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Figure 8. Regulation of Math6 gene expression by multiple class B bHLH transcription factors. mPAC (A) or P19 (B) cells were transduced
with adenoviruses expressing the indicated transcription factors or with a lentivirus expressing NeuroD2. Total RNA was isolated 48 h after viral
treatment and Math6 and endogenous NeuroDT mRNA levels were measured by real time PCR using GUS as internal standard. Values are expressed
as fold-increase over basal (untreated cells). Bars represent mean=SEM of 3-5 independent experiments.

doi:10.1371/journal.pone.0002430.g008

program: Neurog3 initiates endocrine differentiation and induces
NeuroD1, which maintains endocrine differentiation [7][16]. In
this study, we demonstrate that another atonal-related bHLH
protein, Math6, is transiently expressed i viwo within endocrine
precursors. Math6 is positively regulated by Neurog3 and it can
modulate the expression and proendocrine functions of Neurog3
in cell culture i vitro. In light of these data, we propose that this
gene is a novel component of the Neurog3-dependent transcrip-
tional cascade and it may play a role in endocrine cell genesis
during pancreatic development.

The identification of the Math6 gene as a target of Neurog3 in
mouse duct cells prompted us to investigate the role of this little
studied factor in islet cell differentiation. Using mice that carry the
GIP reporter gene in one of the two Math6 alleles, we found that
Math6 appears in the pancreas around E12.5, and by E15.5, when
Neurog3 expression peaks, nearly 50% of Neurog3+ cells co-
express Math6. As development proceeds, pancreatic expression of
both Math6 and Neurog3 decays and co-localization of these
bHLH factors with islet hormones is not observed. The striking
parallels in the expression patterns of Math6 and Neurog3 suggest
tight regulatory interactions between them.

Despite the fact that Neurog3 induces Math6, it is clear from our
studies that Math6 expression in the pancreas is not restricted to
the endocrine compartment. Interestingly, in the E15.5 embryonic
pancreas, Math6 is also found in peripheral epithelial cells known
to express exocrine cell products at this developmental stage,
suggesting that Math6 may participate in both endocrine and
exocrine differentiation. In this vein, our observation that the pro-
exocrine bHLH factor Ptfla can induce Math6 expression i vitro
(Figure 8) supports the notion that this bHLH factor may lie
upstream of Math6 in the exocrine cell lineage [37], and suggests a
general paradigm in which Math6 is induced broadly by class 1I
bHLH factors that initiate differentiation in different cell lineages.

Generation of Math6 null mice has demonstrated that, in
addition to its probable roles in organ and tissue differentiation,
Math6 is involved in early embryogenesis. However, due to early
lethality of Math6 null embryos, conditional gene knockout
approaches will be necessary to address its roles in organogenesis.
In an analogous manner, the Drosophila homologue of Math6, net,
functions in at least two developmental stages in the fly. First, net is
expressed in the ventral region of the blastoderm-stage embryo
that is fated to become mesoderm in a pattern that overlaps the
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bHLH factor fwist, suggesting that it may be playing a roles in
mesoderm specification and myogenic pathways [30][38]. Sec-
ondly, during postembryonic development, net regulates wing vein
patterning and, by repressing EGF signalling, is instrumental in
the determination of intervein versus vein cell fates in the wing [31].
In addition to its proposed roles during development, expression of
Math6 in adult tissue is suggestive of additional functions of this
factor in maintenance of differentiated phenotypes [32][33]. In
this regard, Hath6, the human orthologue of Math6, was
identified as a flow-responsive gene in endothelial cells [32].
Interestingly, Math6 is expressed in differentiated kidney podo-
cytes which have been recently shown to be highly sensitive to fluid
sheer stress [39]. In the adult pancreas, even though GFP
expression reaches undetectable levels by immunohistochemical
techniques, Math6 mRNA transcripts are still detected in isolated
pancreatic islets and in total pancreas by PCR (Figure 1 and data
not shown). These results indicate that some Math6 expression
remains in the adult organ. Identity of the cells responsible for this
low level Math6 expression remains to be determined.

As a complementary strategy to mouse genetic models, we
undertook an i vitro gain-of-function approach using mPAC cells
(Figures 4 & 5) and demonstrated that Math6 alone cannot promote
an endocrine gene expression program. It can, however, modulate
the Neurog3-stimulated induction of some key genes. Ectopic Math6
expression decreased the Neurog3 stimulated induction of the
somatostatin and NeuroD1 genes. In contrast, other Neurog3-regulated
genes such as Pax4 or Nkx2-2 were not affected by changes in Math6
expression. Collectively, these findings suggest that Math6 displays a
degree of target specificity and may not globally modulate Neurog3
activity, although its ability to extinguish Neurog3 expression may
eventually terminate all Neurog3 activity i viwo. Even though the
precise mechanism underlying the functional interaction between
Math6 and Neurog3 has not been addressed in the present paper,
the physical association we observed between these two factors raises
the possibility that Math6 is recruited to at least some Neurog3 target
loci. Like other atonal homologues, Math6 contains a 12 amino acid-
basic region that is known to be essential for Atonal-specific binding
to DNA [29]. A future challenge will be to identify Math6 gene
targets as well as to investigate the recruitment of Math6 to Neurog3
target promoters.

During pancreas development, the regulation of Neurog3
expression can be tightly controlled by a number of mechanisms.
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Autoregulation of the Neurog3 gene has been described as an
important mechanism by which Neurog3 can efficiently control its
own expression [9][15]. This ability may not be exclusive to
Neurog3, as autoregulatory loops have also been described for the
proneural bHLH genes achaete, scute and atonal during Drosophila
sensory organ development [40], NeuroD genes during neuronal
differentiation [36] and myoD during myogenesis [41]. In this
regard, our results reveal that changes in Math6 mRNA levels
affect the ability of Neurog3 to activate its own gene; as
overexpression of Math6 leads to an almost complete blockade
of this positive autoregulatory loop, while it does not affect Neurog3
gene activation by other regulators such as Mashl (L.Sanchez,
R.Gasa unpublished observations). Thus, it appears that levels of
Math6 expression are tightly linked to the capacity for Neurog3
autoregulation in mPAC cells. Based on these findings, we
speculate that high expression of Math6 may be involved in
repression of the MNeurog3 gene: increased Math6 expression
(concomitant with increases in Neurog3) may contribute to
Neurog3 gene silencing. Furthermore, the coincidence of Math6
and Neurog3 expression in the pancreas further supports this idea.
Using reporter gene strategies, it has been demonstrated that
Neurog3 represses its own promoter both directly by displacing an
activator, and indirectly by inducing a repressor [15]. Math6 with
its intrinsic transcriptional repressor activity (Figure 6) appears to
fulfil the role of a Neurog3-induced repressor of Neurog3
expression. However, despite the attractiveness of this hypothesis,
future studies will further explore the mechanistic basis of the
regulation of Neurog3 expression by Math6 to establish whether
Math6 is a bona fide regulator of Neurog3 in vivo.

Lastly, this study provides the basis for further studies to
investigate the role of Math6 in other bHLH-dependent
differentiation processes. Here we have demonstrated that the
induction of the Math6 gene is not specific to Neurog3. However,
other pancreatic, neuronal and even myogenic bHLH factors also
increase Math6 mRNA levels upon their forced expression in duct
cells. Furthermore, induction of Math6 by pancreatic and
neuronal bHLH proteins is not a duct-cell specific phenomenon,
as similar effects were observed in P19 cells. Likewise, the matht
gene has been recently identified as a potential target of Neurog3
in embryonic stem cells [42] and it has been predicted to be a
neurogenin/neuroD direct transcriptional target during neuro-
genesis using computational genomic-wide prediction analysis
[43]. Based on our observations of a widespread expression of
Math6 in the embryo together with the fact that bHLH proteins
participate in multiple cell specification and differentiation events,
it is tempting to speculate that activation of Math6 could represent
a common downstream event elicited by multiple class B bHLH
factors and thereby, be relevant to their functions in different
developing tissues. In many respects, molecular regulation of
endocrine differentiation parallels that of neurogenesis and even
myogenesis, with a cascade of bHLH factors regulating cell fate
determination, cell cycle withdrawal and induction of cell subtype-
specific gene expression [44][45][46][47]. Additionally, this
negative regulation of Neurog3 may be of importance in
regulating cell proliferation or apoptosis as it was recently
demonstrated that Neurog3 overexpression in B-cells leads to
increased apoptosis [48]. Moreover, common mechanisms like the
recruitment of chromatin remodelling complexes to their target
loci are used by both proneural and promyogenic bHLH factors to
activate their target genes and induce differentiation [49] [50].
The implication of Math6 in other differentiation processes
deserves further evaluation.

In summary, we have identified Math6 as a novel factor in the
pancreatic developmental program. In addition, we suggest a
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widespread role for Math6 in the modulation of differentiation
programs in various cell types during embryogenesis. Future
studies including conditional gene knockout approaches will focus
on further characterization of the role of Math6 in organism and
endocrine pancreas differentiation. Hopefully, a greater under-
standing of Math6 function will enable further optimization of the
development of cell-based therapies for both diabetes mellitus as
well as other degenerative diseases.

Materials and Methods
RNA isolation and RT-PCR analysis

Total RNA was isolated from cell lines or mouse tissues using the
RNeasy kit (Qiagen). First-strand cDNA was prepared using 2 g of
total RNA, the Superscript III RT kit and random hexamer primers
(Invitrogen) in a total volume of 20 ul according to the manufac-
turer’s instructions. 1/40 to 1/200 of the resulting cDNA was used as
a template for conventional or real-time PCR reactions. All RNA
samples were tested in the absence of reverse transcriptase. Real time
PCR was performed on an ABI Prism 7900 sequence detection
system using SybrGreen reagents (Applied Biosystems). Primer
sequences are provided in Methods S1.

Generation of Math6 knockout/knock-in mice

Gene targeting of the Math6 allele was carried out using a
modified bacterial artificial chromosome [51][52]. Briefly, a GFP-
Cre fusion protein and an FRT-Neo cassette were inserted into the
Math6 protein coding region within a BAC (RP22-157F13)
derived from the 12956/SvEvTac background containing aprox-
imate 20 kb and 105 kb upstream and downstream of the Math6
gene respectively. The targeted BAC was purified using CsCl
density gradient centrifugation, dialyzed, linearized and transfect-
ed into 129 (E14) mouse embryonic stem cells using electropora-
tion. Stable clones were selected with 100 pg/ml G418 and
screened for loss of the Math6 allele and gain of 1 copy of GI'P
using real-time PCR. Correctly targeted colonies were verified for
only a single integration event using fluorescence in situ
hybridation with the purified, labelled BAC DNA. Correctly
targeted ES cells were injected into C57BL/6 blastocysts, chimeric
mice were generated and backcrossed onto the C57BL/6
background. Following germline transmission of the targeted
allele, mice were crossed to the Actin FLPe mice (Jackson
Laboratories, Bar Harbor ME; B6.Cg-Tg (ACTFLPe) 9205Dym/
J) for excision of the FRT-Neo cassette. Mice were genotyped
using PCR with a three primer system (Methods S1) and standard
reaction conditions and an annealing temperature of 66°C.

Immunohistochemical and Immunocytochemical
Analyses

Immunofluorescence assays were performed on cryosections of
mouse tissues. Tissue was fixed overnight in 4% paraformaldehyde
at 4°C.. Following fixation, tissues were washed extensively in PBS,
and then passed through 20% and 30% sucrose in PBS for 24 hrs
each. Tissues were then embedded and frozen in Tissue-Tek
(OCT Compound, Sakura). Tissues were sectioned at 10 um,
washed in PBS, permeabilized with 0.1% Triton X-100, blocked
with 5% Goat serum (Invitrogen), 1% BSA (Sigma) and incubated
with primary antibodies overnight at 4°C: rabbit ant-GFP
(1:1000; MBL), guinea pig anti-Neurog3(1:1000;(3]), guinea pig
anti-PDX1 (1:2000; [3]), guinea pig anti-glucagon(1:2000; Linco),
guinea pig anti-insulin(1:2000;Linco), rat anti-somatostatin(1:200;
Chemicon), hamster anti-mucinl(1:200; NeoMarkers). Tissues
were washed and incubated for 1 hr at room temperature with
secondary antibodies: FITC conjugated goat anti-rabbit and Cy3
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conjugated goat anti-guinea pig, goat anti-rat and goat anti-
hamster (1:200; 1:400; Jackson Immunoresearch).

For localization of adenovirally-expressed Math6, mPAC cells
were grown on chamber slides, treated with recombinant
adenoviruses and, 48 h later, fixed in 4% paraformaldehyde
(PFA) for 15min. Slides were sequentially incubated with
monoclonal anti-myc antibody (Upstate) at 1:200 dilution for
2 h, and cye2 coupled anti-mouse (Jackson ImmunoResearch) at
1:1000 dilution for 1 h.

Lineage Tracing Analyses

Math6*“C*P9" mice and the Rosa26-LoxP-Stop-Lox mice
(Jackson Laboratories) were crossed, with midnight of the day in
which a vaginal plug was observed being embryonic day 0.
Embryos were harvested and pancreas and gut was dissected out
and fixed briefly with 4% PFA. Tissues were then washed in PBS,
permeabilized with 0.02% NP-40, 0.01% deoxycholate and then
stained with X-Gal staining solution (2 mM MgCl2, 5 mM
potassium ferricyanide, 5 mM potassium ferrocyanide, 20 mM
Tris, pH 7.4 and 1 mg/ml X-Gal) overnight at 4°C. Once
adequate staining had developed, tissues were washed with PBS,
refixed with 4% PFA, dehydrated through ethanol to xylene and
paraffin embedded. Paraffin blocks were sectioned at 5 um
thickness and stained as previously described [3].

Expression and reporter vectors

The cDNAs for Math6 and Neurog3 were amplified by PCR
from mouse E15.5 brain and pancreas respectively, using oligos
Math6-5’, Math6-3’, Neurog3-5' and Neurog3-3" (Methods S1).
A c-myc tag was added to the N-terminus of Math6 cDNA, and
FLAG tags were added to the N-terminus of Neurog3 and
NeuroD1 [15] ¢cDNAs by PCR, and then cloned into the
expression vector pPCMV.TNT (Promega). The plasmid encoding
hamster Nkx2-2 was previously used [35]. The one-hybrid
expression vector encoding GAL4DBD-Math6 was generated by
PCR using mouse Math6 cDNA as template, followed by in-frame
ligation into the pM vector (Clontech). Plasmids expressing the
fusion proteins GAL4-p300 (nt1737-2414) and GAL4-RbLP were
kindly provided by Dr. Giordino (SHRO, PA) and Dr. Postigo
(IDIBAPS; Barcelona, Spain).

A 1.8 Kb fragment of the Math6 gene upstream of the
translation initiation site was amplified by PCR from mouse liver
genomic DNA (oligos provided in Methods S1) and cloned
upstream of the luciferase gene in the pFOXlucl vector [35]. The
luciferase reporter construct used in one-hybrid analysis has been
described elsewhere [15].

Cell culture and viral treatment

mPAC L20 cells were cultured in DMEM supplemented with
10% fetal bovine serum and antibiotics as previously described [9].
P19 cells (ATCC) were maintained in alpha-MEM with 7.5% calf
serum, 2.5% fetal bovine serum, 2 mM L-glutamine and
antibiotics. For viral treatment, 250,000 mPAC or 100,000 P19
cells were seeded onto 6-well plates the day before infection.
Adenoviruses were added at a multiplicity of infection (moi) of 40
and incubated for 2 h (mPAC) or 5 h (P19) at 37°C in culture
medium. Then, cells were cultured for 48 h, unless otherwise
indicated.

An adenovirus expressing Math6 with a c-myc N-terminal tag
was constructed by homologous recombination in HEK293 cells
as previously described [53]. The adenovirus expressing Ptfla was
a kind gift from Dr. A. Skoudy [54] (IMIM; Barcelona, Spain). All
other adenoviruses and the lentivirus for NeuroD2 were described
elsewhere [9][34].
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Luciferase reporter assays

For Math6 promoter assays, mPAC cells were seeded onto 24-
well plates 24 h before treatment. Plasmid DNA (1 ug Firefly
reporter+20 ng Renilla vector (pGL4.74, Promega) was mixed
with 7 equivalents of linear 22 KDa polyethylenimine (PEI,
ExGen 500, Fermentas) in serum free medium and then combined
with 107 pfu of the indicated recombinant adenoviruses. The
DNA/ExGen/adenovirus mixture was then added to the cells and
incubated at 37°C for 4 h. Cells were harvested 24 h later and
assayed for luciferase activity.

For one-hybrid assays, 60,000 mPAC cells were plated onto
24-well plates 24 h before transfection. 500 ng of the firefly
luciferase reporter construct were cotransfected with 5 ng of
pGL4.74 vector and increasing amounts (20 to 100 ng) of the
vectors encoding GAL4DBD fusion proteins. Metafectene reagent
(Biontex) was used for all transfections under conditions recom-
mended by the manufacturer. 48 h after transfection, cells were
collected and luciferase activities assayed using the Dual Luciferase
Kit from Promega. Reporter assays were performed in duplicate
and data corresponds to at least 4 independent transfection
experiments.

Chromatin immunoprecipitation

mPAC cells were fixed with 1% formaldehyde and lysed in SDS
buffer (EDTA 10 mM, Tris. HC1 50 mM pH 8.1, SDS1%).
Chromatin was sheared to 1 Kb using sonication and then cleared
by centrifugation. Immunoprecipitations were carried out over-
night at 4°C using 400 g protein and a rabbit anti-serum raised
against a GST-human Neurog3 (amino acids 1-95) protein or
normal rabbit serum or no antibody as controls. Protein A/G
PLUS-agarose (Santa Cruz) blocked with salmon sperm DNA
(0.2 mg/ml) was used to immunoprecipitate the complexes.
Immunoprecipitates were washed as previously described [55]
and subjected to PCR analysis with primers outlined in Methods
S1.

Coimmunoprecipitation and western blotting

mPAC cells were seeded onto 6 cm plates 24 h before
treatment. Adeno-assisted transfection was carried out mixing
4 ug of expression vector, 7 equivalents of PEI and 107 pfu of
Ad.CMV.math6 and incubating this mixture with the cells for
16 h at 37°C. Cells were harvested 24 h later, washed 2 times with
PBS and lysed in colP buffer (NaCl 100 mM, Tris-HCI pH 7.5
20 mM, EDTA 1 mM, Igepal CA-630 1%, NaF 5 mM, 10%
protease inhibitor cocktail from SIGMA). Lysates were incubated
for 15 min at 4°C and cellular debris was removed by
centrifugation at 10,000x g for 10 min at 4°C. Cellular lysates
(500 ug) were then immunoprecipitated with anti-FLAG (SIG-
MA), anti-Nkx2-2 (Hybridoma Bank) or mouse IgGl (Sigma)
overnight at 4°C. Immunoconjugates were recovered using
proteinG-coupled dynabeads (Invitrogen) and, after 3 washes with
colP buffer, they were eluted by boiling in SDS-Laemli buffer. To
prepare whole cell lysates, mPAC cells were lysed in triple
detergent lysis buffer (IrisHCI pH 8 50 mM, NaCl 150 mM, SDS
0.1%, Igepal CA-6301%, Na deoxycholate 0.5%).

Proteins from both whole cell extracts and immunoprecipitates
were separated by PAGE-SDS electrophoresis, transferred to
PVDF membranes (Perkin Elmer) and incubated overnight at 4°C
with rabbit anti-human Neurog3 (same antibody that was used for
ChIP assays) at 1:2000 dilution, mouse anti-myc (Upstate) at
1:1000 dilution, mouse anti-FLAG (Sigma) at 1:1000 dilution and
mouse anti-Nkx2-2 (Hybridoma bank) at 1:2000 dilution. Blots
were visualized with ECL Reagent (Pierce Biotechnology).
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Supporting Information

Figure S1 Generation and Screening of the Math6-GFPCre
knockin mouse. The first step (Al) in generation of the targeting
allele was recombination of the GFPCre-pA-FRT-SV40Neo-FRT
targeting cassette into the BAC (RP22-157F13) replacing the first
two exons of Math6. Clones were picked for their dual resistance
to chloramphenicol and kanamycin and screened using both PCR,
pulse-field gel electrophoresis and sequencing for correct recom-
bination. DNA was then isolated using CsCl density gradient
purification, linearized with PI-Scel and electroporated into 129
(E14) mouse embryonic stem cells (2). Stable clones were selected
with 100 pg/ml G418 and screened for presence of BAC-vector
backbone sequence using the following primers that flank the PI-
Scel site: FCL104; 5'-GGA AGG AGC TGA CTG GGT TG-3/,
FCL105; 5'-TGA GTC GTA TTA GCG GCC G-3’, FCL106;
5'-AGG AGG AGC GAC TCA AGC C-3', FCL107; 5'-CGT
GAT AGC CGT TGT ATT CAG C-3' using standard PCR.
Those clones that did not contain vector sequences were further
screened for loss of the Math6 allele and gain of 1 copy of GFP
using real-time PCR (B-E). This was accomplished by designing
primer and probe sets that amplify: beta-actin (B; FCL111; 5'-
TTC AAC ACC CCA GCC ATG TA-3', FCL112; 5-TGT
GGT ACG ACC AGA GGC ATA C-3', FCL113; 5'/56FAM/
TAG CCA TCC AGG CTG TGC TGT CCC/3IAbFQ/-3'), the
5’ region of the targeted Math6 gene downstream of the homology
arm (C; FCL113; 5'-CAA GCG GAA AGG CAA GGA'-3,
FCL114; 5'-TCC AAG TCC AAT CGG AAA GTT T-3',
FCL109; 5'-/5TET/CCA TTC GCG CGC CGC A/3BHQ_1/-
3"), the 3’ region of the targeted Math6 gene upstream of the
homology arm (D; FCL115; 5'-TGG GCA GAA GCT CTC
CAA A-3', FCL116; 5'-CGT GCC AGG GAC AAG ATG TA-
3’, FCL110; 5'/56-TAMN/TTA CAG GCA ATC CTC AGG
ATG GCC A/3BHQ_2/-3') and GFP (E; FCL150; 5'-AGT
CCG CCC TGA GCA AAG A-3', FCL151; 5'-GGC GGT CAC
GAA CTC CAG-3', FCL149; 5'-/5TET/CCC AAC GAG AAG
CGC GAT CAC A/3BHQ_1/-3"). Note the increase in 1 cycle in
clone Al compared to the other clones for both the 5" and 3" arms
(C&D). Positive clones were then used for fluorescence in situ
hybridization (FISH) analyses with labeled BAC DNA and with
labeled GFP sequences (F). Wild-type and targeted clones (Al)
contained largely the same BAC sequence and two chromosomal
spots were observed in all cells. This ruled out the inclusion of an
extra copy of the BAC at a non-homologously-recombined locus
(cf left panel vs middle panel). GFP FISH further confirmed the
presence of only one chromosomal locus containing the GIP
transgene (right panel). Correct clones (eg Al) were injected into
C57BL/6 blastocysts and germline transmission was achieved.
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